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Abstract
More and more research works on assembly tolerance simulation is considering not only orientation and position deviations, but also form
errors. In this paper, we describe a process to generate skin model shapes, i.e. 3D models with form error, from the CAD model of a part. We
study several diﬀerent methods used for generating discrete models with defects, and these methods are applied to an identical CAD model to
point out their diﬀerences. The work will be of beneﬁt for choosing and applying of these diﬀerent generation approaches, and for automating the
generation of skin model shapes.
c© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction
The geometrical quality of a product, one of the qualities
that are of concern, from design to manufacturing, inﬂuences
the ﬁnal product function and reliability and draws a great deal
of research attention. To predict the potential problems caused
by geometrical uncertainties during the manufacturing process
and to increase the robustness of product design, based on Com-
puter Aided Design (CAD) systems, several models are pro-
posed to express tolerances and conduct tolerance analysis [1–
3].
To model tolerances, oﬀset zones [4] are introduced to repre-
sent the tolerance zones by oﬀsetting the boundary of the nom-
inal model. A vectorial approach [5,6] is proposed to conduct
tolerance analysis [7]. In [8], the Technologically and Topo-
logically Related Surfaces (TTRS) method is developed which
enables tolerance information to be integrated into the CAD
system. Meanwhile, simulations based on Small Displace-
ment Torsor (SDT) [9], Portioned Assembly Clearance Vol-
ume (PACV) [10], Polytopes [11] and Tolerance Map (T-Map)
[12] have been developed. Parametric methods like constrained
CAD model or abstracted geometry are studied [13,14]. Some
of the models mentioned above have been integrated within the
CAD system or implemented in Computer Aided Tolerancing
(CAT) software.
While form error (detailed shape defect) inﬂuences various
stages of manufacturing and assembly, the current models used
for tolerance analysis are usually based on simpliﬁed variations
(orientation and location) of the nominal model [15,16], which
could not represent the real product. Meanwhile, the expression
of tolerance based on the nominal model leads to ambiguities
[17] and may cause dysfunctions.
Given the limitations of nominal model-based methods,
many other models which could represent detailed geometric
deviations have been developed. In [18], random rough sur-
faces are simulated by Fourier analysis, and the rough surface
contact area is simulated by [19]. A manufacturing signature
which contains shape error is considered in contact simulation
[20]. In [21], a surface with multi-scale deviation is simulated
and evaluated with regard to speciﬁcations. Surfaces with form
deviations are also simulated for compliant sheet metal assem-
bly [22,23] to optimize the assembly sequence or location.
Besides the models mentioned above to express shape defect
and speciﬁcation, Skin Model and GeoSpelling are proposed
by Ballu and Mathieu [24]. As the basic concept of the Geo-
metrical Product Speciﬁcation (GPS) standard, Skin Model is a
non-ideal model representing the actual shape of the real part,
which is very diﬀerent from the nominal model. Various kinds
of geometrical deviations could be expressed by Skin Model.
GeoSpelling is a language based on limited operations on Skin
Model that guarantees the unambiguous expression of geomet-
ric speciﬁcations. Given the representation of the real part and
the non-ambiguous language, this model could be used to con-
duct geometric defect simulation, assembly simulation, etc.
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To express all the defects of a real part, the Skin Model
should be described by a large amount of parameters, which
tends to be inﬁnite. Thus it is impossible to be integrated into
computer software. The skin model shape is proposed to indi-
cate a speciﬁc Skin Model which has decreased ﬁnite parame-
ters [25,26]. In diﬀerent stages of the product lifecycle, there
could be diﬀerent purposes and methods to generate skin model
shapes. If it is in the design stage, when only a nominal model
is available, skin model shapes could be generated by simula-
tion methods [27], while in the later stages, skin model shapes
could be generated from the simulation results of manufactur-
ing processes, or even from measurements of actual parts.
In this paper, skin model shape is considered as the 3D
model with detailed form error, and the implementation of skin
model shape is studied ﬁrst. Based on this, the process to gen-
erate the skin model shape is developed. Methods for detailed
steps, like manufacturing defect simulation or feature combina-
tion, are reviewed and compared. Thereafter, deviation evalua-
tion of the simulated discrete features is considered. The review
and comparison of related methods aimed at providing a refer-
ence when choosing them for simulation, and the simulation
process will beneﬁt the automation of skin model shape gener-
ation.
2. Implementation of Skin Model Shapes
Unlike the nominal CAD model, the Skin Model aims at rep-
resenting the real imperfect shape of the part. Combined with
GeoSpelling, which expresses the speciﬁcation with limited op-
erations and characteristics, they could help engineers from de-
sign to inspection understand the real shape of the manufac-
tured part and the geometrical speciﬁcations without ambigui-
ties. Due to the non-ideal character of Skin Model, many other
applications, like tolerance analysis, will also beneﬁt from it,
and extend its areas of application.
In earlier studies of Skin Model implementation in computer
software, skin model shape is introduced as a speciﬁc Skin
Model which is discrete and simulated with limited parameters
[26]. Based on the discrete assumption, the potential applica-
tion areas and process are studied by Zhang et al. [27,28] and
Schleich et al. [29]. In [30], a four stage simulation frame-
work is proposed. In pre-processing stage, skin model shapes
that satisfy the tolerance speciﬁcations are generated from the
nominal model. Then the assembly and mobility modelling are
conducted as the application of skin model shapes. Next, in the
post-processing stage, the simulation result is checked and the
assembly quality is evaluated.
This framework ranges from initial modelling to further ap-
plications, and several research topics are included. In our
work, to simulate skin model shapes that satisfy geometrical
speciﬁcation automatically, we focus on generation methods
in the pre-processing stage. In the following sections, meth-
ods used for skin model shape generation are discussed and our
generation approach is introduced. Thereafter, each step of the
generation will be explained in detail.
3. Generation Process
Due to the diﬀerent mechanisms between various manu-
facturing processes, the parts have distinct geometric defect
patterns after diﬀerent machining processes. Depending on
the manufacturing process and precision requirement, various
methods could be introduced to simulate the geometric defects
and generate skin model shapes. For example, the deforma-
tion of sheet metal parts could be simulated by FEA [31], and
machined surfaces with form error could be generated with the
application of a Z-buﬀer algorithm [32]. Examples are shown
in Figure 1.
(a) (b)
Fig. 1. Diﬀerent simulation methods for form error: (a) Stamping [31], (b)
Machining [32].
Fig. 2. Skin model shape generation process in [33].
In [33], Schleich et al. proposed simulation methods as
shown in Figure 2 to generate skin model shapes. In our study
we use a diﬀerent method, and treat each feature independently,
emphasizing feature segmentation and combination processes.
Simulation of the skin model shape is divided into three steps,
as described below:
• Segmentation and discretization. To meet the functional
requirement and control manufacturing costs, diﬀerent
features on the part are usually manufactured by diﬀerent
processes with diﬀerent precisions. Thus, we need to be
able to treat each feature independently. Meanwhile, the
features are represented in a discrete way, like a triangle
mesh. Mesh density is related to simulation precision.
• Manufacturing defect simulation. In this step, manufac-
turing defects are simulated and assigned to each feature.
Diﬀerent methods for geometric defect simulation will be
introduced later in the paper.
• Feature combination. When the simulated geometric devi-
ations are assigned to the features of the discrete model,
they are no longer nominal and will not connect at the
boundaries, thus intersections or gaps appear. The pur-
pose of the feature combination process is to generate the
complete skin model shapes which can be visualized and
used in further applications.
The inspection process is also arranged during the manufac-
turing defect simulation and after feature combination to guar-
antee that the simulated features and skin model shapes satisfy
the geometrical speciﬁcation. The generation process can be
seen in Figure 3.
With the widespread use of Computer Aided Engineering
(CAE) software, mesh-based discrete models can be generated
easily. Tessellation of the nominal model from CAD software
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Fig. 3. Generation Process for Skin Model Shapes.
or applying Delaunay algorithm [28] could also be used to gen-
erate discrete models. The mesh size depends on the manu-
facturing process and the type of defect to model. For exam-
ple, roughness or waviness requires ﬁner mesh than form error.
Thus, the selection of mesh size is a problem related to speciﬁc
cases. A multi-scale method [21] was introduced to expresses
defects in diﬀerent precision level. Assume the discrete nomi-
nal models have been generated by the approaches above with
appropriate mesh size, we concentrate on the simulation of geo-
metric defects and the combination of features with form error.
4. Form Error Simulation Methods
The one obvious diﬀerence between skin model shapes and
the nominal model is that the former contains more detailed
shape defect information than the latter. Thus, to generate skin
model shapes, the related form error simulation methods should
be considered in detail.
Form error is an important factor that inﬂuences tolerancing,
and stydies have been carried out by diﬀerent authors using dif-
ferent methods. In [34], both 1D and 3D random noise are used
to generate the skin model shapes with form error. However,
because the variation in vertices’ coordinates is generated in-
dependently, deviations between two connected vertices may
be dramatic, causing chaotic surfaces. The mesh morphing
approach modiﬁes the meshed model directly, and is used to
simulate form error. Both Franciosa et al. [22] and Wager-
sten et al. [35] used the morphing method to generate form
error in compliant assembly analysis. Zhang et al. [27] used
quadrics to generate certain form errors (e.g. paraboloid, cone
and ellipsoid) which can be classiﬁed as morphing methods.
Modal-based methods [20,21,23,36–38] generate surfaces with
form error by combining of several typical modes. Modes used
in simulation could be a linear combination of sine or cosine
terms, a combination of polynomials, or eigen-decompositions.
The random ﬁeld method is used to simulate both irregular
forms and random parameters [39–41] in structural mechanics,
and it has also been used to simulate form errors [26]. In ad-
dition, statistical shape analysis based on Principal Component
Table 1. Form Error Simulation Methods.
Category Methods
Random Noise 1D/3D Random Noise [34]
Mesh Morphing Random Shapes [22,35]
Second Order Shapes [27]
Modal without Training Sets Zernike Polynomials [36]
Random Field [26]
Discrete Cosine Transform [20,23]
Natural Vibration Mode [21,37]
Modal Require Training Sets Principal Component Analysis [27]
Analysis (PCA) is proposed [27] to generate skin model shapes
from training sets (data sets used to generate mode bases).
As there are so many methods, which sometimes have ba-
sic ideas in common, we classiﬁed these diﬀerent methods into
three categories. The classiﬁcation is based on the principles
of the methods, which are: random noise, mesh morphing, and
modal-based methods. The modal-based methods were sub-
divided into two categories based on whether the training sets
are required in advance or not. Detailed methods and their cat-
egories can be seen in Table 1.
To evaluate and compare diﬀerent simulation methods, we
take an example and apply these methods to the samemodel. As
some methods are only used in certain situations, the Zernike
polynomials and PCA methods are not included. The model we
used here is a simple rectangular surface. We assume the gener-
ated form deviation is along the normal direction of the vertices.
As the principles of the methods are diﬀerent, it is diﬃcult to
set uniform control parameters or coeﬃcients and compare the
simulation result. Thus, we consider them as random variables,
and the results aim at showing the potential application of these
methods.
Simulation results are shown in Figure 4. The color indicates
the diﬀerent deviation values. Figure 4a shows the result for the
1D random noise method. Regions with similar color tend to be
limited to very small areas, which only relate to a few neighbor-
ing vertices. Compared with the size of feature and the number
of vertices, this method is not suﬃcient to represent various
kinds of form error on the whole model. However, because of
its local property, it could be suitable for combining with other
form errors.
Figure 4b to 4d are the results of modal-based methods. The
color on each surface changes gradually, which indicates the
continuous changing of surface deviations. The advantage of
the DCT method is that the explicit form makes it possible
to easily control the simulation process. It is limited to plane
features, however, and in order to apply this method to other
shapes, a complex projection process must be used. In random
ﬁeld and natural vibration mode methods, a mode base con-
tains various deformation types. By specifying weight factors
and combining these modes, features with random shape de-
viation could easily be generated. For modal-based methods,
the weight factors should be carefully chosen to avoid evident
artefact.
Results by morphing methods are shown in Figure 4e and
4f. As can be seen, the random morphing method can gener-
ate continuous deviation results, like the modal-based method.
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The deformation function is explicit, as in the DCT method,
however, it is not limited by the nominal shape, and its defor-
mation function could be extended to general cases. Second
order shape morphing is based on the predeﬁned deformation
shapes, thus it cannot generate random shape defects like the
former methods. By choosing the morphing shape and parame-
ters carefully, defects caused by kinematic errors of the machine
or the system could be represented.
(a) (b) (c)
(d) (e) (f)
Fig. 4. Simulation result from diﬀerent methods: (a)1D Random Noise,
(b)Discrete Cosine Transform, (c)Random Field, (d)Natural Vibration Mode,
(e)Random Morphing, (f)Second Order Shape Morphing.
Observing the simulation results in Figure 4, one can con-
clude that no method can cover all situations and problems.
Thus, careful choice and combination of these methods depend-
ing on the problem, is the best approach.
5. Combination of Features with Form Error
When simulating shape defect, each feature on the surface is
treated independently, thus we can specify diverse forms, ori-
entations or position errors. This is closer to the real manu-
facturing situation but also introduces problems when combin-
ing the features to generate a whole skin model shape. As can
be seen in Figure 5, unlike nominal features connected at the
edges, generated features have shape variations and no longer
connect one with another. Two typical situations, intersection
and gap, are emphasized in Figure 5. Depending on the mesh
size and required precision, these unconformities between fea-
tures could inﬂuence the simulation or inspection result in a
later stage. Moreover, when the deviations are ampliﬁed to be
visualized, the unconformities clearly stand out.
Fig. 5. Intersection and gap problems after form error simulation.
To analyze this issue and provide solutions, simpliﬁed sec-
tion views are given in Figure 6. The nominal model is shown
in Figure 6a, where dashed lines represent the section view of
two connected faces without form error, circles on dashed lines
represent vertices of the faces and the two faces are connected
at the corner vertex. If we assume the deviation of edge ver-
tices outside the model is positive (+) and inside the model is
negative (−), there are four types of conﬁguration which can be
seen in Figure 6b to 6e. Solid lines and points in represent the
section view of features with form error.
(a) Nominal (b) +/+ (c) +/− (d) −/+ (e) −/−
Fig. 6. Section view of two connected features without and with form error.
As can be seen from the ﬁgures, depending on the conﬁg-
uration type and deviations, the two features may or may not
intersect. In addition, these diﬀerent cases could exist between
two features at the same time in 3D (e.g. in Figure 5). To
guarantee feature connection in the skin model shape, a general
solution is required.
As form error is deﬁned by the deviation of vertices along
their normal direction, we propose to adjust the mesh model
along the direction perpendicular to the vertex normal direc-
tion. The adjustment follows the spring analogy, which is
widely used in Computational Fluid Dynamics (CFD) for mov-
ing boundary problems and mesh smoothing [42]. Due to its
linear elastic assumption, the modiﬁcation of the mesh could
be done eﬃciently.
Figure 7a illustrates the principle of spring analogy. Based
on the deﬁnition of equilibrium length, the method can be clas-
siﬁed into vertex springs and segment springs [42]. Here we
consider the segment springs whose equilibrium length is the
original spring length. Let point P be the vertex to be adjusted,
and Qi its neighboring vertices, the force applied to vertex P is:
FP =
n∑
i=1
kPQi (δQi − δP) (1)
where kPQi is the spring stiﬀness between P and Qi, δ is
the displacement vector of the corresponding vertex. After ad-
justment, the sum of forces applied on each vertex should be
zero. Next, the displacement δ is calculated. If the calculated
displacement of vertex P is δP, the position of vertex P after
adjustment is:
vP,new = vP,old + δP (2)
To conserve the form error information and at the same time
solve the problem of existing gaps or self-intersections, con-
straints are added to the vertices, for example, the vertices can
only move along the local tangent direction. Displacement
along the vertices’ normal direction (which contains the form
error information) is constrained, thus the simulated shape de-
viations are preserved.
When combining features, if a vertex is inside a face, as in
Figure 7b, it is constrained only along its normal direction (n1
direction) and could be adjusted along tangential directions (n2
and n3). Due to the adjustment inside the face, there will be
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no intersection or gap. Considering in skin model shapes, the
small adjustment is shared by all the vertices inside the faces,
the adjustment for every vertex is negligible.
(a) (b) (c)
Fig. 7. Spring analogy principle and adjustment of vertices: (a)Principle,
(b)Inside a face, (c)Inside an edge.
If a vertex is on an edge, which means it is shared by two
features, then it will get two deviations along the normal di-
rection of both features, as shown in Figure 7c. This leads to
two constraints (along direction n1 and n2) and the ﬁnal posi-
tion lies at the intersection of two planes perpendicular to the
normal directions.
In our combination and adjustment problem, every vertex
will have at least one constraint, and the method used to add
constraints and solve equations eﬃciently is important. The
Finite Element Method (FEM), which has a standard solving
process and can handle complicated boundary problems, is a
good choice for solving the problem. With FEM, the 3D bar
element is used to simulate the springs, and the simulated form
deviations are treated as displacement constraints. The form
deviations are simulated for each feature at ﬁrst, then they are
added to the unsegmented discrete nominal model as displace-
ment constraints by the penalty function approach. Solving the
equation we get the model with combined manufacturing devi-
ations. The calculation is conducted only once for a skin model
shape.
6. Evaluation of Form Error
The simulation and generation of skin model shapes is not a
one-way process but an interactive process. To generate random
shape defects, many random parameters are introduced during
the simulation to guarantee the randomness of the result. This
means that the simulation result is not totally under control and
could be beyond the precision requirement (not satisfying the
speciﬁcations). Thus, it is important to evaluate form error as
it 1) guarantees that the skin model shapes satisfy the precision
requirement, and 2) provides basic information for the further
implementation of skin model shapes, like assembly simula-
tion. For these reasons, the form defects of a feature need to be
adjusted on the basis of the form error inspection result.
In the work of Zhang [34], a constraint-based method is pro-
posed to generate the skin model shapes that satisfy a precision
requirement. The program adjusts the simulation parameters
until the simulation result satisﬁes the speciﬁcation. The scal-
ing method is proposed in [43], where the form error is ﬁrst
evaluated according to speciﬁcations, then the scaling ratio is
computed according to the evaluation result. Meanwhile, spec-
iﬁcations which make reference to datum features are also stud-
ied and the optimization method is used to modify the position
and orientation of discrete features. Several common speciﬁ-
cations are analyzed as examples. In the study of multi-scale
surface defect simulation [21], the deviation modes are ﬁrst nor-
malized and then ampliﬁed with deviation factors. Conditions
like the maximum material condition (MMC) or least material
size (LMS) are also considered, and the proposed methods are
applied to a revolving work piece.
In our current work, the evaluation process could be inserted
into the feature defect simulation process. Figure 8 shows ex-
amples of ﬂatness evaluation. The distance between the two
parallel planes is minimized and indicates the ﬂatness of the
non-ideal feature. The result of evaluation provides useful in-
formation for the scaling and repositioning of features with de-
fect. Unfortunately, most current methods rely on enumerating
diﬀerent speciﬁcation combinations. A more general and auto-
matic method for shape defect evaluation or scaling will be an
interesting research topic.
(a)
(b)
Fig. 8. Example for the evaluation of ﬂatness of a plane feature: (a)Side view,
(b)Top view.
7. Conclusion
Based on the generation process and simulation methods de-
scribed above, an example is demonstrated and the results of
diﬀerent steps are shown in Figure 9. With proper constraints
to control the shape deviations, it could be used in various sim-
ulations.
(a) (b) (c)
Fig. 9. Generation result at diﬀerent steps: (a)Segmentation and discretization,
(b)Simulation of manufacturing defects and adjustment, (c)Combination.
Research on the development of geometric variation model
and speciﬁcation expression always plays a critical role in CAT,
because a reliable variation model which satisﬁes the speciﬁca-
tions is the basic requirement for a reliable simulation or anal-
ysis result. Thanks to the related discrete geometric processing
methods, many studies have introduced detailed shape defect
during simulation in order to simulate the real situation of man-
ufactured parts and generate results close to the actual measure-
ment.
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In this paper, we study the simulation of a discrete model
with manufacturing defects. More speciﬁcally, we look in de-
tail at the simulation of features with shape deviation and the
combination of non-nominal features. Based on the study, to
generate the discrete shape model with manufacturing defects
automatically, further studies may be conducted on the general
way of adjusting simulation results to satisfy tolerance speciﬁ-
cations.
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